A scanning electron microscope (SEM) image based direct finite element (FE) mesh reconstruction method is employed to reflect microstructure features of thermal barrier coatings (TBC). The creep-plastic assumption of thermally grown oxide (TGO) scale and metallic bond coat (BC) as well as the strength difference (SD) property of ceramic top coat (TC) are considered to simulate the mechanical behavior. A diffusion oxidation model considering oxygen consumption is proposed to characterize TGO growth. The oxidation simulation of TBC is carried out under the consideration of actual microstructure features. The results revealed that the interface defects increase the surface-area-to-volume ratio of BC exposed to oxygen anion. This leads to the non-uniform TGO growth, which has also been observed in experimental studies. The microstructures and mechanical behavior strongly affect stress evolution in TBC. The consideration of actual microstructure features and reasonable mechanical behaviors, including the creep-plastic behavior and SD property, is helpful for the accurate evaluation of interface stress.
Introduction
The thermal barrier coatings (TBC), consisting of the high temperature resistant ceramic top coat (TC), oxygen anion permeation resistant thermally grown oxide (TGO) scale, and metallic bond coat (BC) enable gas turbine to withstand super-high gas temperature and extreme oxidation-corrosion [1] . It is one of the indispensable elements for hot-end components. The application of TBC, however, is seriously restricted by premature failure during service. The stress, especially along interfaces, is considered to be primarily responsible for TBC failure [2] . The interface stress induces damage initiation and progression in the form of microcracks and finally leads to ultimate spallation of TBC, which is mainly influenced by the factors as follows:
•
The microstructures of TBC, including complex interface morphology and randomly distributed microdefects; • The mechanical behavior, for instance, the creep and plastic deformation often occurs during service;
As above mentioned, the microstructure, mechanical behavior and TGO growth could significantly affect the stress evolution. The accurate representation of microstructures and appropriate characterization of mechanical behavior and TGO growth would be helpful to investigate the failure mechanisms of TBC. To this end, an analytical/numerical strategy with three innovative considerations is proposed in present study. Firstly, an SEM image-based method is utilized to build the FE mesh of TBC, in which the actual microstructures are taken into account. Secondly, the SD property of TC and the combined creep and plastic behavior of TGO and BC are considered to simulate the mechanical behavior. Thirdly, the diffusion-oxidation model is applied to explore TGO growth. Based on the proposed approach, an oxidation simulation of TBC is carried out to investigate TGO growth and stress development. One idealized TBC model with cosine shaped interface is also adopted for comparison.
Methodology

SEM Image Based Direct FE Mesh Reconstruction
Considering a typical TBC system with random distributed microstructures, as shown in Figure 1a , where the difference in the densities of phases leads to the different grayscale values of pixels. With the present reconstruction method, the grayscale values of pixels could be collected. The corresponding grayscale histogram and cumulative distribution for SEM images are plotted in Figure 2b . Then, the grayscale values of pixels are distinguished by the given thresholds to represent different phases. In present paper, two thresholds (T1 = 96 and T2 = 168, as shown in Figure 2b ) are adopted to distinguish three phases. The pixels in the image with lower grayscales than thresholds, T1, belongs to the TC phase. While the pixels with grayscales in the interval (T1 and T2) belongs to the BC phase. The remaining phase, i.e., grayscales is higher than T2, represents the micro defect. Finally, the different phase would correspond to different materials and the corresponding position coordinates of pixels would be mapped as node coordinates in FE mesh. As above mentioned, the microstructure, mechanical behavior and TGO growth could significantly affect the stress evolution. The accurate representation of microstructures and appropriate characterization of mechanical behavior and TGO growth would be helpful to investigate the failure mechanisms of TBC. To this end, an analytical/numerical strategy with three innovative considerations is proposed in present study. Firstly, an SEM image-based method is utilized to build the FE mesh of TBC, in which the actual microstructures are taken into account. Secondly, the SD property of TC and the combined creep and plastic behavior of TGO and BC are considered to simulate the mechanical behavior. Thirdly, the diffusion-oxidation model is applied to explore TGO growth. Based on the proposed approach, an oxidation simulation of TBC is carried out to investigate TGO growth and stress development. One idealized TBC model with cosine shaped interface is also adopted for comparison.
Methodology
SEM Image Based Direct FE Mesh Reconstruction
Considering a typical TBC system with random distributed microstructures, as shown in Figure  1a , where the difference in the densities of phases leads to the different grayscale values of pixels. With the present reconstruction method, the grayscale values of pixels could be collected. The corresponding grayscale histogram and cumulative distribution for SEM images are plotted in Figure  2b . Then, the grayscale values of pixels are distinguished by the given thresholds to represent different phases. In present paper, two thresholds (T1 = 96 and T2 = 168, as shown in Figure 2b ) are adopted to distinguish three phases. The pixels in the image with lower grayscales than thresholds, T1, belongs to the TC phase. While the pixels with grayscales in the interval (T1 and T2) belongs to the BC phase. The remaining phase, i.e., grayscales is higher than T2, represents the micro defect. Finally, the different phase would correspond to different materials and the corresponding position coordinates of pixels would be mapped as node coordinates in FE mesh. In this paper, one small portion of SEM image is extracted for the FE mesh reconstruction. The layers of material are extended to representative dimensions, i.e., TC and BC, respectively, heights to be 113.4 μm and 66.6 μm. The final mesh with two dimensional, four-node rectangular elements, based on SEM images, is illustrated in Figure 1c . One more mesh with idealized interface, established for comparison, is shown in Figure 1d . Considering that the accuracy of analyzing stress development is related to the mesh density, the element size is chosen to be 0.25 μm, and in total, 172,800 elements are counted in both meshes.
Mechanical Behavior Modeling
In this paper, unified strength theory (UST) [11] is employed for the description of plastic behavior of TC. The mathematical formulation of UST, in the sextant of principal stress space σ1 ≥ σ2 ≥ σ3, is given as follows,
where σt is tensile yield strength, α is tensile-compressive strength ratio to reflect SD property, and b is a parameter that describes the effect of intermediate principal stress on the failure of material. The return mapping algorithm model is proposed by Chen et al. [12] for simulation. The details of the algorithm model is in Reference [12] . Here, only the brief processes of stress-update are introduced in Appendix A. The deformation behaviors of TGO and BC are characterized by the creep-plastic constitutive model, introduced by us [18] (the algorithm of stress-update are in Appendix B) as follows,
where the subscripts TGO and BC, respectively, represent the TGO and BC materials; ε th is thermal strain; ε g represents permanent volumetric swelling strain; ε p is plastic strain; and ε c is creep strain. In this paper, one small portion of SEM image is extracted for the FE mesh reconstruction. The layers of material are extended to representative dimensions, i.e., TC and BC, respectively, heights to be 113.4 µm and 66.6 µm. The final mesh with two dimensional, four-node rectangular elements, based on SEM images, is illustrated in Figure 1c . One more mesh with idealized interface, established for comparison, is shown in Figure 1d . Considering that the accuracy of analyzing stress development is related to the mesh density, the element size is chosen to be 0.25 µm, and in total, 172,800 elements are counted in both meshes.
In this paper, unified strength theory (UST) [11] is employed for the description of plastic behavior of TC. The mathematical formulation of UST, in the sextant of principal stress space σ 1 ≥ σ 2 ≥ σ 3 , is given as follows,
where σ t is tensile yield strength, α is tensile-compressive strength ratio to reflect SD property, and b is a parameter that describes the effect of intermediate principal stress on the failure of material.
The return mapping algorithm model is proposed by Chen et al. [12] for simulation. The details of the algorithm model is in Reference [12] . Here, only the brief processes of stress-update are introduced in Appendix A. The deformation behaviors of TGO and BC are characterized by the creep-plastic constitutive model, introduced by us [18] (the algorithm of stress-update are in Appendix B) as follows, (4) where the subscripts TGO and BC, respectively, represent the TGO and BC materials; ε th is thermal strain; ε g represents permanent volumetric swelling strain; ε p is plastic strain; and ε c is creep strain. In Equations (3) and (4), the thermal strain and the volumetric swelling strain are directly given as follows: ε
where α TGO (or BC) is the thermal expansion coefficients of TGO or BC, ε g V = 0.08 is the is the mean volumetric swelling strain which is determined by Pilling-Bed worth ratio [15] , T ref is the reference temperature, and I is the second-order identity tensor.
The increment of plastic strain dε p is derived from the plastic flow rule based on von-Mises yield criterion, as follows:
where dε p eq is the increment of equivalent plastic strain and q(σ) is the von-Mises equivalent stress. The Norton-type creep is adopted for the derivation of increment of creep strain dε c in the form:
where dε c eq is an increment of equivalent creep strains; A, ρ, Q, R, T, are, respectively, the reference creep strain rate, creep exponent, creep activation energy, ideal gas constant, and thermodynamic temperature.
Diffusion Oxidation Scheme for TGO Growth
In this paper, a diffusion oxidation scheme, proposed by Chen et al. [13, 20] , is adopted to simulate TGO growth. In the diffusion oxidation scheme, TGO-BC interface is assumed to be a gradually moving oxidation front, in which TGO and BC phases coexist,
where f represents dimensionless molar fraction. In the oxidation front, Voigt's homogenization assumption is utilized to characterize the mechanics behavior, as follows:
where ξ = f TGO is the dimensionless molar fraction of TGO. Substituting Equations (3), (4) and (11) into Equation (12), the constitutive relationship in oxidation front is derived:
In the simulation, ξ varies from 0 to 1 to describe oxidation process. The rate of ξ represents oxidation rate. With the reference of alkali-silica reaction model proposed by Reference [23] , the rate of ξ can be assumed to be controlled by the concentration of mobile oxygen anions c and the available BC material 1 − ξ, in the form of:
where γ is a constant which needs to be calibrated from oxidation data. To determine the distribution of concentration of oxygen anions, a modified Fick's law is introduced in the form of:
where div and ∇ are, respectively, the divergence operator and gradient operator; D is oxygen diffusion coefficient, in the form of D = (1 − ξ)D BC + ξD TGO . The oxygen anion diffusion coefficient is considered to be temperature-dependent:
where D 0 and Q d are, respectively, reference oxygen anion diffusion coefficient and oxygen anion diffusion activation energy. S(c) represents moles of oxygen anion consumed per unit time and volume during oxidation, expressed as follows:
where κ is the moles of oxygen anion consumed to generate unit molar volume TGO.
Boundary Condition for Oxidation of TBC
Based on the proposed numerical approach, the oxidation simulation is carried out. In the simulation, a thin section of TBC is employed, as shown in Figure 2 . The microstructure features in the x 3 direction is assumed to be changeless. TBC is exposed in 1373 K for 300 h, and then cooled down to 293 K within 120 s. Since the heat conduction is not considered, all node of the FE mesh is assumed to undergo the same temperature history. At the beginning, TBC is regarded as stress-free. The upper surface is assumed to be unconstrained, while the other surfaces are constrained by the frictionless movable hinge support. On cooling, to investigate the influence of thermal contraction imposed by the substrate on TBC, the left surface is allowed to move in the x 1 direction with the same displacement u 1 (as shown in Figure 2b ,c), as follows:
where α sub is thermal expansion coefficient of substrate, and W is width of TBC. Meanwhile, a uniform rigid displacement u 3 is applied to TBC (see Figure 2d ) in the form of
where D is the thickness of TBC. Since the displacement u 3 is uniform, the above-mentioned three-dimensional FE analyses could be reduced to a two dimensional generalized plane strain FE analysis [24] , as shown in Figure 3 . The displacement u 3 now is reduced to the equal strain applied to all nodes of the two dimensional FE mesh in the direction normal to the x 1 -x 2 plane (see Figure 3c ), as follows:
Concerning the extremely short cooling time, the diffusion oxidation only takes place at the high temperature stage. Since the TC layer is commonly regarded to be fully transparent to oxygen and the oxidation reaction does not occur on the TC layer, the TC top surface is assumed to be equal to the TC-BC interface in the concentration of oxygen anions. 
RTln c c μ = μ + (21) where μO is the chemical potential of oxygen anion, μ 0 is the chemical potential in the standard state, and cmax is the maximum mole concentration of oxygen anion per unit volume. Following Anand et al. [25] , the equilibrium condition between the chemical potentials of oxygen molecule in gas and oxygen anion in solid can be established based on the formulation 1/2 O2 ↔ O, as follows:
Results
The mechanical properties used in the simulation are taken from the literature and reports and are listed in Tables 1-3 . The substrate is treated as PWA 1480. Its thermal expansion properties are taken from Reference [26] . TC is treated as the APS ceramic and are assumed to be the perfect elasticto-plastic material with an SD property. Its thermal elastic properties are taken from Reference [26] and plastic properties are taken from Reference [9] . BC, consisting of MCrAlY alloy, is assumed to be the creep-plastic material. Its thermal elastic and plastic properties are taken from Reference [26] and the creep properties are taken form Reference [27] . TGO, consisting of α-Al2O3, is treated as the creepplastic material too. The corresponding elastic and creep properties are taken form References [26] is the chemical potential in the standard state, p is the partial pressure of oxygen molecule in gas, and p 0 is the standard atmospheric pressure.
The corresponding chemical potential of oxygen anion is in the form of:
where µ O is the chemical potential of oxygen anion, µ 0 is the chemical potential in the standard state, and c max is the maximum mole concentration of oxygen anion per unit volume. Following Anand et al. [25] , the equilibrium condition between the chemical potentials of oxygen molecule in gas and oxygen anion in solid can be established based on the formulation 1/2 O 2 ↔ O, as follows:
The mechanical properties used in the simulation are taken from the literature and reports and are listed in Tables 1-3 . The substrate is treated as PWA 1480. Its thermal expansion properties are taken from Reference [26] . TC is treated as the APS ceramic and are assumed to be the perfect elastic-to-plastic material with an SD property. Its thermal elastic properties are taken from Reference [26] and plastic properties are taken from Reference [9] . BC, consisting of MCrAlY alloy, is assumed to be the creep-plastic material. Its thermal elastic and plastic properties are taken from Reference [26] and the creep properties are taken form Reference [27] . TGO, consisting of α-Al 2 O 3 , is treated as the creep-plastic material too. The corresponding elastic and creep properties are taken form References [26] and [15] , and the plastic properties are from Reference [14] . The diffusion and oxidation parameters are listed in Table 4 . Table 3 . Material properties of TGO.
T(K)
TGO E TGO (GPa) [26] v TGO [26] α TGO (10 −6 / • C) [26] σ y, TGO (GPa) [ Table 4 . Diffusion and oxidation parameters.
Diffusion and oxidation parameters Symbols Values
Reference diffusion coefficients of oxygen in BC [25] D 0, BC (m 2 /s) 7.5 × 10 −9 Reference diffusion coefficients of oxygen in TGO [25] D 0, TGO (m 2 /s) 7.5 × 10 −9 Oxygen anion diffusion activation energies of BC [25] Q d, TGO (kJ/mol) 100 Oxygen anion diffusion activation energies of TGO [25] Q d, TGO (kJ/mol) 100 Ideal gas constant R (kJ/(mol × K)) 8.13 × 10 −3 Chemical potential of oxygen molecule in the Standard state [25] µ 0 O2 (kJ/mol) 0 Chemical potential of oxygen anion in the Standard state [25] µ 0 (kJ/mol) 112 Standard atmospheric pressure p 0 (MPa) 0.1 Partial pressure of oxygen molecule in gas [25] P (MPa) 0.021 Maximum mole concentration of oxygen anion Per unit volume [25] c max (mol/m 3 ) 0.08 × 10 6 Moles of oxygen anion consumed to generate Unit volume TGO [25] κ (mol/m 3 ) 0.24 × 10 6 Reference thermodynamic temperature
The parameter γ, appearing in Equation (9), is calibrated by the experiment data [28] of TGO thickness. When the parameter γ is chosen to be 1.25 × 10 −4 m 3 /(mol × s), the predicted TGO
thickness agrees well with the experiment data, as shown in Figure 4 . It means that the proposed diffusion oxidation model is suitable to the oxidation simulation of TBC.
The parameter γ, appearing in Equation (9), is calibrated by the experiment data [28] of TGO thickness. When the parameter γ is chosen to be 1.25 × 10 −4 m 3 /(mol × s), the predicted TGO thickness agrees well with the experiment data, as shown in Figure 4 . It means that the proposed diffusion oxidation model is suitable to the oxidation simulation of TBC. 
TGO Growth
The different samples of TBC with the idealized and actual microstructures (shown in Figure  1c ,d) are adopted to investigate TGO growth, as shown in Figure 5 . Figure 5a . In the peak region of different samples of TBC, the evolutions of TGO thickness, however, are significantly different, as shown in Figure 5b . It could be found in Figure 1c , there are many interface defects in the peak region of actual microstructures. This increases the surface-area-to-volume ratio of BC exposed to oxygen anion and promotes TGO growth. These actual microstructures could be accurately represented in the SEM-based mesh, but be omitted in the idealized mesh, which leads to the differences for the evolutions of TGO growth in the peak region of both meshes.
The contour plots of TGO thickness, after 50, 150, and 300 h oxidation, are illustrated in Figure  6 . As shown in Figure 6a -c, the uniform growth of TGO, with oxidation, is observed in the sample TBC with idealized microstructures. While the TGO growth is non-uniform in the sample of TBC with actual microstructures. As shown in Figure 6d , the relative thin portions of BC in the peak region 
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Stress Evolution
Stress Evolution Affected by Microstructure Features
The interface stress evolution affected by Microstructure features is investigated. In this case, TC is assumed to be elastic material. BC and TGO are regarded as perfect elastic-to-plastic material. The contour plots of stress σ 22 , after 300 h oxidation at 1373 and 293 K, are illustrated in Figure 8 . 
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Stress Evolution Affected by Microstructure Features
The interface stress evolution affected by Microstructure features is investigated. In this case, TC is assumed to be elastic material. BC and TGO are regarded as perfect elastic-to-plastic material. The contour plots of stress σ22, after 300 h oxidation at 1373 and 293 K, are illustrated in Figure 8 . During oxidation, the interface stress is mainly induced by the out-of-plane deformation of TGO associated with the permanent volumetric swelling. In the sample of TBC with idealized microstructures, such an out-of-plane deformation of TGO leads to the tension in TC valley and BC peak regions, as well as the compression in the TC peak and BC valley regions, as shown in Figure  8a . The corresponding maximum stresses σ22 along TC-TGO and TGO-BC interfaces are, respectively, at the TC valley and BC peak points. When TBC is cooled down to 293 K, there are no obvious changes in the distribution of stress σ22, but the magnitudes of stress increases rapidly due to the thermal expansion mismatch at the cooling stage, as shown in Figure 8b . The distribution of stress σ22, in the idealized mesh, is similar with the previous numerical studies [14, 16] , which demonstrates the accuracy of the present simulation. In the sample of TBC with actual microstructures, the stress discontinuities occur due to the irregular interface-morphology and randomly-distributed microdefects (see Figure 8c,d) . The corresponding maximum tensile stresses σ22 in TC and BC layers are, respectively, at the locations A and B near interface defects, rather than TC valley and BC peak points. The maximum stresses σ22 along TC-TGO and TGO-BC interfaces with idealized and real microstructures are also plotted in Figure 9 . It could be found that when TBC is cooled down to 293 K, the maximum stresses σ22 in TC and BC with actual microstructures, are, respectively, 0.327 and 0.857 GPa. The values are approximately 1.5 times as large as those in the idealized mesh. It might induce growth and consolidation of microdefects and finally lead to delamination of TBC. It means that interface defects could significantly affect the distribution and magnitude of interface stress. Thus, the consideration of actual microstructure features in FE mesh would be helpful for the accurate evaluation of interface stress for TBC. During oxidation, the interface stress is mainly induced by the out-of-plane deformation of TGO associated with the permanent volumetric swelling. In the sample of TBC with idealized microstructures, such an out-of-plane deformation of TGO leads to the tension in TC valley and BC peak regions, as well as the compression in the TC peak and BC valley regions, as shown in Figure 8a . The corresponding maximum stresses σ 22 along TC-TGO and TGO-BC interfaces are, respectively, at the TC valley and BC peak points. When TBC is cooled down to 293 K, there are no obvious changes in the distribution of stress σ 22 , but the magnitudes of stress increases rapidly due to the thermal expansion mismatch at the cooling stage, as shown in Figure 8b . The distribution of stress σ 22 , in the idealized mesh, is similar with the previous numerical studies [14, 16] , which demonstrates the accuracy of the present simulation. In the sample of TBC with actual microstructures, the stress discontinuities occur due to the irregular interface-morphology and randomly-distributed microdefects (see Figure 8c,d) . The corresponding maximum tensile stresses σ 22 in TC and BC layers are, respectively, at the locations A and B near interface defects, rather than TC valley and BC peak points. The maximum stresses σ 22 along TC-TGO and TGO-BC interfaces with idealized and real microstructures are also plotted in Figure 9 . It could be found that when TBC is cooled down to 293 K, the maximum stresses σ 22 in TC and BC with actual microstructures, are, respectively, 0.327 and 0.857 GPa. The values are approximately 1.5 times as large as those in the idealized mesh. It might induce growth and consolidation of microdefects and finally lead to delamination of TBC. It means that interface defects could significantly affect the distribution and magnitude of interface stress. Thus, the consideration of actual microstructure features in FE mesh would be helpful for the accurate evaluation of interface stress for TBC. 
Stress Evolution Affected by Mechanical Behavior
The interface stress evolution is also significantly affected by the mechanical behavior during serving. Therefore, by considering the SD property and the creep-plastic behavior, the high temperature oxidation simulation for TBC is implemented. Only the sample of TBC with actual microstructures is used to investigate the stress evolution. The contour plots of stress σ22, after 300 h oxidation at 1373 K, are illustrated in Figure 10 . Here, TC is assumed to be elastic in Figure 10a ,b and elastic-to-plastic with SD property in Figure 10c . TGO and BC are assumed to be elastic-to-plastic in Figure 10a and creep-plastic in Figure 10b ,c. 
The interface stress evolution is also significantly affected by the mechanical behavior during serving. Therefore, by considering the SD property and the creep-plastic behavior, the high temperature oxidation simulation for TBC is implemented. Only the sample of TBC with actual microstructures is used to investigate the stress evolution. The contour plots of stress σ 22 , after 300 h oxidation at 1373 K, are illustrated in Figure 10 . Here, TC is assumed to be elastic in Figure 10a ,b and elastic-to-plastic with SD property in Figure 10c . TGO and BC are assumed to be elastic-to-plastic in Figure 10a and creep-plastic in Figure 10b ,c. 
The interface stress evolution is also significantly affected by the mechanical behavior during serving. Therefore, by considering the SD property and the creep-plastic behavior, the high temperature oxidation simulation for TBC is implemented. Only the sample of TBC with actual microstructures is used to investigate the stress evolution. The contour plots of stress σ22, after 300 h oxidation at 1373 K, are illustrated in Figure 10 . Here, TC is assumed to be elastic in Figure 10a ,b and elastic-to-plastic with SD property in Figure 10c . TGO and BC are assumed to be elastic-to-plastic in Figure 10a and creep-plastic in Figure 10b ,c. It could be observed that when TGO and BC are assumed to be elastic-to-plastic, the considerable stress generates near the interface and defect, as shown in Figure 10a . While the approximate zero-stress state is observed in Figure 10b , if the TGO and BC are considered to be the creep-plastic materials. The compressive growth stress, generating TGO, is relaxed rapidly by the sizable creep deformation. This weakens the out-of-plane displacement of the TGO layer, which is induced by the compressive growth stress. Finally, it suppresses the stress accumulation in TBC. If the SD property of TC is considered, the stress near the TC-TGO interface would be even smaller by comparing it with the stress contour plots in Figure 10b ,c. It means that by taking the elastic-to-plastic assumption with the SD property into account, the plastic deformation occurs in the TC layer. It effectively reduces the stress-level.
When TBC is cooled down to room temperature 293 K, the stress contour plots with different material assumptions are also illustrated in Figure 10d -f. By comparing the stress state in Figure 10d ,e, it is observed that when TGO and BC is considered to be creep-plastic, the stress state would be smaller. It means that the creep behavior of TGO and BC not only exhibit at the continuous high temperature stage, but also occurs at the cooling stage. The creep deformation relatively relaxes the stress generation, which is induced by the thermal expansion mismatch of different layers during cooling. When TC is considered to be the elastic-to-plastic material with SD property (see Figure 10f) , the plastic deformation in TC would lead to a further reduction of stress level near the TC-TGO interface, compared with the stress in Figure 10e .
Conclusions
In present paper, three new considerations are proposed to investigate TGO growth and stress development in TBC. The SEM image-based direct FE mesh reconstruction method is utilized to represent the actual microstructure features of TBC. SD property of TC and creep-plastic assumption of TGO and BC are considered to simulate mechanical behavior. The diffusion-oxidation model is proposed to characterize TGO growth. The results reveal that:
•
The interface defects increase the surface-area-to-volume ratio of BC exposed to oxygen anion. It leads to the non-uniform growth of TGO in the actual microstructures. It has also been observed in experimental studies (see Figure 3b in Reference [28] ).
The interface defects significantly affects the magnitude and distribution of interface stress. The consideration of actual microstructure features is helpful for the accurate evaluation of interface stress for TBC.
The mechanical behavior strongly affects stress evolution in TBC. The sizable creep deformation of TGO and BC can significantly relax the growth stress and leads to the approximate zero-stress state during the continuous high temperature stage. When the SD property of TC is considering, the plastic deformation easily occurs in the TC layer. It leads to the considerable reduction of stress-level in the TC layer.
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Appendix A.1. Stress-Update at Main Plain
As shown in Figure A1b , the constitutive relation can be written as follows, and σj are, respectively, the elastic trial principal stress vector and the updated principal stress vector, ∆λ is the plastic flow parameter, D e 3×3 is the reduced elastic isotropic constitutive matrix, and N is the reduced plastic flow vector normal to the main plane 1, expressed as,
The updated stresses should lie on the yield surfaces. Substituting the constitutive function Equation (A1) into yield function Equation (1), one obtains, σ and H are, respectively, the initial tensile strength and the linear isotropic hardening modulus. From Equation (A3), the plastic flow parameter can be derived to be, : :
Substituting Equation (A4) into Equation (A1), the updated stresses can be easily obtained. Appendix A.1. Stress-Update at Main Plain
As shown in Figure A1b , the constitutive relation can be written as follows,
where σ tr j and σ j are, respectively, the elastic trial principal stress vector and the updated principal stress vector, ∆λ is the plastic flow parameter, D e 3×3 is the reduced elastic isotropic constitutive matrix, and N is the reduced plastic flow vector normal to the main plane 1, expressed as,
The updated stresses should lie on the yield surfaces. Substituting the constitutive function Equation (A1) into yield function Equation (1), one obtains, 
Substituting Equation (A4) into Equation (A1), the updated stresses can be easily obtained.
Appendix A.2. Stress-Update at Corner
As shown in Figure A1c , the updated stresses lie on the middle corner, the constitutive equation can be written as follow, σ j = σ Substituting plastic flow parameters ∆λ and ∆λ' into Equations (A7) and (A8), respectively, the explicit expression of updated stresses can be derived easily.
Appendix B.
To numerically solute the creep-plastic constitutive model, the return-mapping algorithm proposed by [30] is adopted. For simplicity, only the constitutive model of TGO is adopted here. Assuming one time increment ∆t n+1 = t n+1 −t n , the creep-plastic constitutive model is in the form, where q is the von-Mises equivalent stress; σ y, TGO is the yield strength of TGO, the trail stress, must be relaxed by creep. The expression of final stress, in Equation (A15), is reduced in the form,
− D − σ y, TGO > 0 (A21) the creep-type return-mapping scheme, as expressed in Equation (A18), is employed to update stress state firstly. If the updated stress lies within the yield limit, the creep-type return-mapping scheme is valid. Otherwise, the creep-plastic return-mapping scheme, as expressed in Equation (A15), is implemented. The final stress must lie on the yield surface, so the equivalent creep strain rate become the constants in the form, 
